We report on the effects of patterning and layering on multilayer InAs/GaAs(001) quantum dot structures laterally ordered using an in vacuo focused ion beam. The patterned hole size and lateral pattern spacing affected the quantum dot size and the fidelity of the quantum dots with respect to the lateral patterns. 100% pattern fidelity was retained after six layers of dots for a 9.0 ms focused ion beam dwell time and 2.0 µm lateral pattern spacing. Analysis of the change in quantum dot size as a function of pattern spacing provided a means of estimating the maximum average adatom surface diffusion length to be approximately 500 nm, and demonstrated the ability to alter the wetting layer thickness via pattern spacing. Increasing the number of layers from six to 26 resulted in mound formation, which destroyed the pattern fidelity at close pattern spacings and led to a bimodal quantum dot size distribution as measured by atomic force microscopy. The bimodal size distribution also affected the optical properties of the dots, causing a split quantum dot photoluminescence peak where the separation between the split peaks increased with increasing pattern spacing.
Introduction
Quantum dots (QD) are of interest for applications such as intermediate band solar cells [1, 2] , lasers [3, 4] , and quantum computing. For these applications, it is advantageous to control the QD dimensions and areal density because these properties directly influence the optical and electronic properties of QD structures. Additionally, control of the QD position is beneficial for some quantum computing technologies where coupling of QDs to photonic crystal cavities requires precise QD positioning to achieve good spatial and spectral overlap of the QD and cavity mode [5, 6] . InAs QDs are typically grown by self-assembly via the Stranski-Krastanov growth mode. When using this growth mode, the QD position is random and the size is primarily controlled by the growth temperature, deposition rate, and the amount of material deposited. Preferential QD nucleation can be achieved by altering the surface morphology in specific areas, providing a means of controlling the dot placement. InAs/GaAs QDs have been shown to preferentially nucleate on focused ion beam (FIB) irradiated surfaces prior to reaching the critical thickness for nucleation on non-irradiated surfaces [7] . Furthermore, lateral ordering of QDs has been demonstrated on pre-patterned arrays of holes via methods such as ex vacuo e-beam lithography [8, 9] and in vacuo FIB patterning for Ge/Si QDs [10] [11] [12] and InAs/GaAs QDs [13] [14] [15] [16] . Macro-and micro-photoluminescence have been measured from lithographically patterned [17] and FIB-patterned [15, 19] InAs/GaAs QDs. Additionally, single QD emission with a line width of 160 µeV has been measured from FIB-patterned QDs [14] .
Directed growth techniques are valuable because lateral patterning provides better control over QD density and position [14, 18, 19] . Ex vacuo patterning techniques require exposure to air between patterning and QD growth, resulting in the formation of an oxide layer, which must be removed prior to QD growth and can negatively affect the optical properties of the dots [20] . In contrast, in vacuo FIB patterning can be used to produce laterally ordered QDs while keeping the sample within the protective confines of the vacuum at all times. Previous work has demonstrated the effects of FIB patterning conditions on single layers of QDs [13, 15, 16] and on the optical properties of multilayer FIB-patterned QD structures [15, 19] . In this work, we demonstrate the effects of in vacuo FIB patterning on the QD diameter, density, pattern fidelity, and optical properties as well as the effect of increased layering on the surface morphology for multilayer InAs/GaAs QD structures. We also demonstrate FIB patterning as a method for estimating the maximum adatom diffusion length for a given set of growth conditions and as a means of altering the wetting layer thickness.
Experimental procedure
Two multilayer InAs/GaAs(001) QD structures were grown by molecular beam epitaxy (MBE) on FIB-patterned GaAs(001) substrates. Figure 1 is a schematic of the multilayer structures grown. A 500 nm GaAs buffer layer was grown on both samples at T = 590 • C. Following buffer growth, the samples were transferred in vacuo to the focused ion beam (FIB) for patterning of 40 × 40 µm 2 arrays of holes. The holes were FIB-milled with a single pass of a 10 pA, 30 keV Ga + focused ion beam. The FIB dwell times were 1.0, 3.0, 6.0, and 9.0 ms, each at pattern spacings of 0.25, 0.5, 1.0, and 2.0 µm, for a total of 16 different patterns. The FIB dwell time determined the dimensions of the FIB-milled holes. After patterning, the samples were transferred in vacuo back to the MBE for QD growth. 2.0 monolayers (ML) of InAs was deposited at T = 485 • C for the QDs at a rate of 0.11 ML s −1 and immediately capped with GaAs at a rate of 1.0 ML s −1 . The QD growth and GaAs capping process was repeated, creating multilayer structures with six and 26 layers. The spacer layer thickness was 20 nm for the six layer sample and 18 nm for the 26 layer sample. The topmost layer of QDs remained uncapped for both samples for analysis by atomic force microscopy (AFM).
Data analysis
For the six layer sample, the QDs on the uncapped surface nucleated only in the patterned areas and only above the patterned sites due to the formation of preferential nucleation sites created at the initial layer by the FIB [7, 13, 14, 19] . The holes were milled only at the substrate for both samples (see figure 1) . The dimensions of the FIB-milled holes were measured on a separate sample. The hole dimensions increased linearly in size from 85 ± 9 nm in diameter and Figure 3 shows AFM images of the uncapped sixth layer for the 1.0, 3.0, 6.0, and 9.0 ms FIB dwell time patterns each at a pattern spacing of 2.0 µm. The QDs at the sixth layer were aligned above the underlying FIB-milled holes. All areas away from the holes were devoid of QDs because the deposited InAs thickness was below the critical thickness for QD nucleation on a planar surface for the given growth conditions. Figures 2(a) and (b) also show plots of the QD dimensions at the sixth layer as a function of FIB dwell time for a 2.0 µm pattern spacing. All QD measurements were performed by a watershed technique, which employed a slope per cent to determine a baseline for measuring QD diameter and height. The QDs increased in size with increasing FIB dwell time from 47 ± 12 nm in diameter and 5 ± 2 nm in height for the 1.0 ms FIB dwell time to 91±28 nm in diameter and 15 ± 8 nm in height for the 9.0 ms FIB dwell time. The difference in size between the QDs on the longer and shorter FIB dwell time patterns may be due to a tendency for multi-dot nucleation on the shorter two FIB dwell time patterns (figure 2(c) and inset in figure 3(a) ). For the 1.0 and 3.0 ms FIB dwell time patterns, the FIB-milled holes at the substrate were smaller and shallower, and thus more likely to fill during GaAs capping and layering than the larger, deeper holes milled by the 6.0 and 9.0 ms FIB dwell times. Complete or partial filling of the smaller holes resulted in a smoother surface where either no QDs formed or multiple dots formed at a single patterned site due to the step edge density at those locations. In contrast, the steep sidewalls of the partially filled holes milled by the longer FIB dwell times forced the InAs down toward the bottom of the holes, forming a single QD as shown in the inset in figure 3(d). Kinetic Monte Carlo simulations by Lee et al demonstrate these same principles for InAs QD formation on FIB-patterned GaAs, resulting in QD nucleation at the bottom of the FIB-milled holes when the sidewalls are steep [13] . For all FIB dwell times, the original pattern was retained with some level of fidelity despite the relatively thick GaAs spacer layer. This demonstrates that FIB patterning can extend the maximum spacer layer thickness achievable for retaining vertical alignment of QDs, which Xie et al found to be approximately 7 nm for 90-100% strain correlation between layers of unpatterned InAs/GaAs QDs grown with the same InAs deposited thickness we report and at a growth temperature 15 • C hotter [21, 22] . Some researchers have reported vertical QD alignment for spacer layers as thick as 30 nm when the amount of InAs deposited for dot formation was thicker and/or the growth temperature was higher [23, 24] than reported here. In this work, the critical thickness for QD nucleation on a planar surface has not been surpassed. Therefore, the vertical QD alignment is not likely to be solely a result of island-induced strain. Instead, it is likely due to the relatively large size of our FIB-induced QDs, which were 5-15 nm in height, coupled with any additional strain in the substrate due to FIB patterning. For the longer FIB dwell times, pattern retention may also be due to the concave shape of only partially filled, non-planarized holes, which persisted through to the sixth layer. To further analyze the effects of hole filling on layer-to-layer pattern retention, the fidelities of single and multi-dot formation per patterned site as well as the percentage of empty sites were measured. Figure 2(c) shows the single QD, multi-dot, and empty site fidelities with increasing FIB dwell time for the 2.0 µm pattern spacings. Single QD fidelity increased from only 18% for the 1.0 ms FIB dwell time to nearly 100% for both the 6.0 and 9.0 ms FIB dwell time patterns. The fraction of multi-dot nucleation and empty sites decreased with increasing FIB dwell time, which was likely due to hole filling as previously discussed.
The pattern spacing was varied from 0.25 to 2.0 µm to analyze its effect on QD size and pattern fidelity. Figures  4(a)-(d) show AFM images of the uncapped sixth layer for the 0.25, 0.5, 1.0, and 2.0 µm pattern spacings at a 9.0 ms FIB dwell time. Varying the pattern spacing did not significantly affect the fidelity of single QDs. However, QD size increased with increasing pattern spacing with the diameter saturating at approximately 90 nm for the 9.0 ms FIB dwell time patterns as shown in the plot in figure 4(e) . This effect can be explained in terms of the adatom surface diffusion length, which determines the capture zone of the FIB-milled hole [25, 26] . For unpatterned surfaces, QD position, size, and areal density are limited in part by the capture zone, which is generally determined by the growth conditions (e.g., temperature and growth rate) [26] . However, by creating preferential nucleation sites using the FIB and reducing the thickness of the deposited InAs to below the critical thickness for dot nucleation on a planar surface, QD position and size can instead be controlled by the capture zone of the patterned hole and not the QD. Figures 5(a) and (b) illustrate how the capture zone of the patterned holes changes for large and small pattern spacings. If the pattern spacing is large enough, adatoms moving along the surface can only reach either one or zero FIB-milled holes before coming to rest. Therefore, the adatom diffusion length limits the capture zone of the patterned hole. The volume of InAs available per patterned site, V InAs , for QD nucleation is then determined by the maximum adatom diffusion length, λ, for the given growth conditions and the deposited InAs thickness, t, as
Therefore, increasing the pattern spacing beyond this distance will not result in a change in QD size without altering the growth conditions (e.g., changing the growth temperature or the deposited InAs thickness). However, as the pattern spacing decreases to less than the maximum adatom diffusion length, the capture zones of neighboring patterned holes begin to overlap and V InAs is no longer dependent on the maximum diffusion length, but on the pattern spacing, L, as
The measured QD diameter and height are consistent with this analysis, showing a decrease in size once the pattern spacing decreases below approximately 1.0 µm (figure 4(e)), which is equivalent to a maximum average adatom diffusion length of approximately 500 nm for the given growth conditions. The diffusion length at each pattern spacing can be used in conjunction with the measured QD dimensions to estimate the thickness of the WL as a function of the pattern spacing. The minimum thickness of the WL was estimated for the 9.0 ms FIB dwell time patterns at each pattern spacing. The volume of the QD was estimated as half of an ellipsoid (see figure 5(c)) with an additional volume added to take into account InAs filling of the FIB-milled holes, which were not planarized at the sixth layer for the 9 ms FIB dwell time patterns (see insets in figure 4 ). This additional QD volume was estimated as a cylinder (see figure 5(c) ) with height, D, equal to the maximum depth of the FIB-milled holes as measured at the substrate and radius, r, equal to that of the QDs based on observations from the AFM images (see figure 4 ) such that
Although the hole dimensions at the sixth layer may be slightly smaller than at the first layer, using the hole dimensions from the first layer provided an overestimation of the QD volume, ensuring a minimum estimate of the WL thickness. The WL thickness, t WL , is estimated by setting the volume of InAs deposited within the capture zone, V InAs , equal to the sum of the WL and QD (equation (3)) volumes such that
where A WL is the area of the WL and πr 2 is the area of the FIB-patterned hole. For the 1.0 and 2.0 µm pattern spacings, equation (1) is used for V InAs and A WL is assumed to be a circle ( figure 5(a) ) with a radius of 500 nm in accordance with the estimated maximum average adatom diffusion length. For the 0.5 and 0.25 µm pattern spacings, equation (2) is used for V InAs and A WL is assumed to be a square ( figure 5(b) ) with side length equal to the pattern spacing. Solving for t WL gives a WL thickness of approximately 1.4 ML for the 1.0 and 2.0 µm pattern spacings, decreasing to 1.3 and 0.7 ML for the 0.5 and 0.25 µm pattern spacings, respectively. The estimated WL thickness follows the same trend with decreasing pattern spacing as the QD diameter and height ( figure 4(e) ), decreasing at a pattern spacing of approximately 1.0 µm. Some reports have shown changes in QD size and WL thickness upon layering of QDs [23, 27] . However, the changes in QD dimensions and WL thickness described in this work are a function of the pattern spacing only and are, therefore, independent of the layering. Knowledge of the maximum average adatom diffusion length is advantageous because it provides an ability to tune the QD and WL dimensions. For example, if the pattern spacing is less than the maximum average diffusion length, the QD and WL dimensions can be tailored by altering the pattern spacing. However, if the pattern spacing is greater than the maximum average diffusion length, altering the pattern spacing no longer affects the QD size so the areal density can be changed without affecting the dimensions of the QDs. This ability to tune the QD and WL dimensions by FIB patterning also provides some control over their optical and electronic properties. It is important to note that the adatom diffusion lengths estimated here are for the specific growth and patterning conditions. Therefore, changing these conditions may provide an additional means of adjusting the diffusion length, providing further control over the QD properties.
Increasing the total number of layers of QDs from six to 26 resulted in mound formation above the underlying patterned sites. Figures 6(a)-(d) show AFM images of the uncapped 26th layer for the 0.25, 0.5, 1.0, and 2.0 µm pattern spacings at a 9.0 ms FIB dwell time. At larger pattern spacings, it was evident that mound formation occurred only above the underlying FIB-patterned sites. The mounds were approximately 800-1000 nm in length along [1Ī0], independent of the FIB dwell time or pattern spacing. The mounds on the 9.0 ms FIB dwell time patterns had a length/width aspect ratio of approximately three, whereas the mounds on the other patterns had a length/width ratio of approximately two. Uncapped surface QDs showed a tendency to form on the top and sides of the mounds as shown in the insets in figures 6(c) and (d), which were likely lower energy sites due to an increase in step density. Kiravittaya et al reported mounds aligned along [1Ī0] on the uncapped surface of a six layer QD structure patterned by standard optical lithography with a similar spacer thickness (15 nm). They attributed the mounds to the height of the underlying QDs, which was approximately half that of the spacer layer thickness [18, 21] . This was likely the case for the 26 layer sample as well, where the average QD height measured after six layers was 15 nm for the largest spacing and 5 nm for the smallest spacing at a 9.0 ms FIB dwell time. These QD heights are a large fraction of the spacer layer thickness, consistent with the hypothesis of Kiravittaya et al.
Although QDs formed on the mounds and retained the general periodicity of the original patterns for the 1.0 and 2.0 µm pattern spacings, the mounds are undesirable for several reasons. For closer pattern spacings, mound proximity destroyed the fidelity as seen in figures 6(a) and (b). Because the maximum lateral dimension of the mounds is ∼1 µm, the closest pattern spacing achievable without disrupting the [18, 21] . However, control over QD position would suffer along the ridge forming from the overlapping mounds. In either case, mounds limit the highest achievable QD density and control over QD position. Interestingly, the QD density versus pattern spacing still followed the theoretical trend for QD density versus pattern spacing despite the loss of pattern fidelity. Figure 7 shows the QD density measured on the 26th layer as a function of pattern spacing and dwell time and dashed, dotted, and solid lines for theoretical densities assuming two, four, and 12 QDs per patterned site, respectively. As the FIB dwell time increased, the fidelity of mound formation above the underlying holes also increased. Because QDs tended to form only on the mounds and multiple dots formed per mound, the theoretical number of QDs per patterned site increased with increasing FIB dwell time. However, the 9.0 ms FIB dwell time corresponded to a theoretical density of two QDs/site instead of following the increasing trend. This is due to the larger length/width aspect ratio of the mounds for the 9.0 ms FIB dwell time, resulting in a lower step edge area per mound and a lower QD areal density for the 9.0 ms FIB dwell time pattern. Additionally, mound formation created multiple preferred nucleation sites for each FIB-patterned site, hindering control over QD density and position. Finally, a bimodal QD size distribution of the uncapped surface dots was measured via AFM. Histograms of the QD diameter distributions are shown in figure 6 for the 9.0 ms FIB dwell time patterns at each pattern spacing. The number of bins for each histogram was determined by the square root of the number of data points for the given pattern.
The bimodal size distribution was also evidenced by a split QD peak in the photoluminescence (PL) data. Figure 8 shows the PL spectra for the 9.0 ms FIB dwell time patterns at each pattern spacing. The sample was mounted in a helium flow cryostat at 15 K and pumped using a Figure 8 . Photoluminescence spectrum from the 26 layer sample for the 9.0 ms FIB dwell time patterns showing the GaAs substrate peak at 1.49 eV, the wetting layer peak at 1.43 eV, and the QD peak between 1.27 and 1.35 eV. The split QD peak is a result of the bimodal QD distribution. The peak positions for the split QD peak are indicated by the tick marks. The measurements were taken at 15 K.
633 nm helium-neon laser with 282.5 µW incident power focused through a 0.7 NA infinity corrected objective. The PL spectra were collected using a 0.75 m spectrometer with a 150 G mm −1 reflection grating and a single channel InGaAs detector. The GaAs substrate peak was at 1.49 eV, and the WL peak was at 1.43 eV. The QD peak, which split for spacings larger than 0.25 µm, was between 1.27 and 1.35 eV. The separation between the QD PL peaks increased with increasing pattern spacing, which corresponded to the increased separation of the average QD size as measured by AFM. Additionally, as the pattern spacing increased, the intensity of the QD peaks decreased while the WL peak intensity increased relative to the GaAs peak due to the lower QD density and larger WL area at larger pattern spacings [19] .
Conclusions
In conclusion, we have demonstrated the ability to control QD position and size via in vacuo FIB patterning while varying the pattern spacing and hole size with up to 100% single QD per patterned site fidelity after six layers. The pattern spacing affects the QD dimensions, and measuring QD size with increasing pattern spacing provided an estimation of the maximum adatom diffusion length, which is determined by the particular growth conditions. Patterning also provided the ability to alter the WL thickness. Additionally, the size of the FIB-milled holes affects QD diameter and pattern fidelity. Mound formation upon increasing the total number of layers to 26 was detrimental to pattern fidelity, and created a bimodal QD size distribution for most larger pattern spacings as measured by AFM and evidenced by a split QD PL peak. 
